Treadmill training is known to improve stepping in complete spinal cord injured animals. Few studies have examined whether treadmill training also enhances locomotor recovery in animals following incomplete spinal cord injuries. In the present study, we compared locomotor recovery in trained and untrained rats that received a severe mid-thoracic contusion of the spinal cord. A robotic device was used to train and to test bipedal hindlimb stepping on a treadmill. Training was imposed for 8 weeks. The robotic device supported the weight of the rats and recorded ankle movements in the hindlimbs for movement analyses. Both the trained and untrained rats generated partial weight bearing hindlimb steps after the spinal cord contusion. Dragging during swing was more prevalent in the untrained rats than the trained rats. In addition, only the trained rats performed step cycle trajectories that were similar to normal step cycle trajectories in terms of the trajectory shape and movement velocity characteristics. In contrast, untrained rats executed step cycles that consisted of fast, kick-like movements during forward swing. These findings indicate that spinal cord contused rats can generate partial weight bearing stepping in the absence of treadmill training. The findings also suggest that the effect of treadmill training is to restore normal patterns of hindlimb movements following severe incomplete spinal cord injury in rats.
Introduction
Treadmill training has been successfully used to improve the recovery of stepping in animal models of complete spinal cord injury (for review, see Edgerton et al., 2004) . For example, spinally transected cats recover full weight bearing hindlimb stepping after undergoing several weeks of treadmill training (Lovely et al., 1986; Barbeau et al., 1987; Forssberg et al.,1980; Lovely et al.,1990; Belanger et al.,1996; de Leon et al., 1998a; Boyce et al., 2007) . In contrast, untrained spinally transected cats stumble frequently and thus are unable to maintain weight bearing hindlimb stepping (Lovely et al., 1986; de Leon et al., 1998a; Boyce et al., 2007; de Leon et al., 1999a) . Recent studies have reported that treadmill training also improves stepping in rats and mice that receive a complete spinal cord transection (Cha et al., 2007; Cai et al., 2006; de Leon and Acosta, 2006; Kubasak et al., 2005; Fong et al., 2005) . Treadmill training improves the consistency of stepping in spinally transected rats (Kubasak et al., 2005) and spinally transected mice (Cai et al., 2006) . The spatial and temporal characteristics of the step cycle in rats that are spinally transected as adults are improved by treadmill training (de Leon and Acosta, 2006) . It also appears that treadmill training enhances the ability of the rats that are spinally transected as neonates to adjust stepping patterns in response to different weight bearing levels (Cha et al., 2007) . Together, these findings indicate that the generation of stepping by neural networks in the lumbar spinal cord is enhanced by treadmill training.
In contrast to the number of studies performed in spinally transected animals, there have been fewer studies of treadmill training in animals following an incomplete spinal cord injury. Two previous studies reported a positive effect of treadmill training on the ability of spinal cord injured rats to perform open field locomotion (Multon et al., 2003; Stevens et al., 2006) . Only two studies have used kinematic analyses to measure recovery in trained rats following an incomplete spinal cord injury. Thota et al. (2001) analyzed changes in the joint angles of the hindlimb following a moderate spinal cord contusion in rats. The authors reported that treadmill training improved the range of motion at the hip and ankle joints of the spinally contused rats (Thota et al., 2001) . Untrained control rats, however, were not included in the study and so it is unclear if these changes occurred as a result of training or through spontaneous recovery. Fouad et al. (2000) reported that 5 weeks of daily treadmill training had little effect on hindlimb kinematics during treadmill locomotion in rats that received a dorsal transection of the spinal cord. Analyses of hindlimb extension at toe off and paw contact failed to reveal any significant differences between the trained and untrained dorsal spinal cord injured rats. The authors also reported no effect of training on BBB scores, grid walk, narrow beam walking and footprint scores (Fouad et al., 2000) . A more recent study reported a positive effect of treadmill training in spinal cord hemisected mice (Goldshmit et al., 2008) . Multiple measures of recovery were used, including open field locomotion, grid walking, foot print analyses and kinematic analyses of treadmill stepping. Based on the results of these few studies and the apparent discrepancy in some findings, the question of whether treadmill training enhances stepping recovery in animals with incomplete spinal injury requires further examination.
In the present study, our approach to examining the effects of training following incomplete spinal cord injury was to use a robotic device to assist in both training and assessment of treadmill stepping in rats. The robotic device facilitates training by providing more precise control over hindlimb weight bearing relative to manual training techniques (Timoszyk et al., 2005) . The robotic device also enhances assessment capabilities since kinematic analyses can be performed on a large number of limb movements (Cha et al., 2007; de Leon and Acosta, 2006) . Previous studies have demonstrated that the robotic device is effective in training and testing stepping performed by spinally transected rats (Cha et al., 2007; de Leon and Acosta, 2006; Timoszyk et al., 2005) . A recent study demonstrated that the robotic device can also be effective in assessing locomotor recovery in rats that have a moderate or severe spinal cord contusion injury (Nessler et al., 2006) . Therefore, we used the robotic device in the present study to train rats that received a severe spinal cord contusion injury. We then performed an analyses of the hindlimb step cycle to compare stepping in the trained versus untrained spinally contused rats. We also used the robotic device to collect data from intact rats. We found that in the absence of treadmill training, the rats generated stepping movements in their hindlimbs but these movements did not resemble normal movement patterns. Only the rats that received treadmill training recovered movement patterns that were normal in trajectory shape and velocity.
Materials and methods

Experimental design
Twenty-six female Sprague-Dawley rats (8 weeks of age) received a severe spinal cord contusion injury at the mid-thoracic level (T9). Six weeks after the injury (Week 6), the ability of the rats to perform bipedal, hindlimb stepping on a treadmill was tested. A robotic device was used to support the weight of the body while the hindlimbs stepped on a treadmill belt. After baseline testing, 13 of the rats underwent robotic-assisted treadmill training for 5 days/week for 8 weeks and the other 13 rats served as untrained controls. Afterwards, hindlimb stepping performance was re-tested (Week 14). Robotic data were also collected from intact rats (n = 9).
Surgical procedures and animal care
The spinal contusion injury procedures were performed in the Roman Reed Core laboratory at the Reeve Irvine Research Center in the University of California in Irvine. The surgical procedures have been described in detail previously (Nessler et al., 2006) . Briefly, the rats were anaesthetized with a ketamine/xylazine mixture (90:10 mg/kg, i.p.). The skin over the spine was shaved and cleaned with betadyne solution. The skin was incised and muscle and connective tissue were dissected to expose the T9-T11 vertebrae. A T9 laminectomy was performed and the animals received a 250 kdyn contusion with the Infinite Horizon Device (Precision Systems & Instrumentation, Lexington KY; Scheff et al., 2003) . The behavioral and anatomical characteristics of the particular IH device used by the Reeve Irvine Research Center have been characterized in previous studies (Nessler et al., 2006; Radojicic et al., 2007; Keirstead et al., 2005; Totoiu and Keirstead, 2005) . In short, the 250 kdyn impact force results in a severe contusion injury (i.e. large, centrally-located scar with white matter sparing at the lesion site) and typically, a long-term (i.e. >70 days post-injury) recovery of only an 8 BBB score during open field locomotor testing occurs. The connective tissue and muscle were closed with chromic gut and the skin was closed using staples. Carprofen (5 mg/kg) was given sub-cutaneously, post-operatively. Immediately following the surgery, rats were placed on a heating pad until they recovered from anesthesia, whereby they were returned to their cages. One week after the surgery, the rats were transferred to the animal facilities at California State University, Los Angeles for locomotor testing and training. The animals were monitored twice daily throughout the post-injury survival period for general health. Bladders were manually expressed twice daily for 10-14 days after which the animals developed an automatic bladder voidance reflex. The animals received Baytril (Enroflaxacin 2.5 mg/kg, sub-cutaneously) for 10-14 days after surgery and when necessary, were hydrated with lactated ringers (5 mg/100 g, sub-cutaneously). All procedures were approved by the Institutional Animal Care and Use Committee at California State University, Los Angeles.
Locomotor testing and training
A robotic device was used (Rodent Robotic Motor Performance System, Robomedica Inc., Irvine, CA) to test and to train hindlimb stepping on a treadmill. The robotic device has been described previously (Timoszyk et al., 2005; Timoszyk et al., 2002) and consists of two light-weight robotic arms, a body weight support system and a variable-speed treadmill. The robotic arms attach to the ankles of the hindlimbs via small loops of neoprene that wrap around the ankle. The robotic arms move in the para-sagittal plane. A computer-controlled, spring-actuated body weight support system controlled the amount of weight on the hindlimbs. Rats were placed in a harness which was secured to the body weight support system using Velcro. All locomotor tests were performed at a treadmill speed of 8 cm s −1 while the robotic device supported 85% of the rat's body weight. During training, the amount of weight support was adjusted (80-95% body weight) to facilitate stepping in each rat. Most rats generated stepping in their hindlimbs independently during training. When stepping was not consistently performed, stepping was initiated by assisting hindlimb movements. The arms of the robotic device moved the ankle in a fixed semi-circular trajectory for several step cycles (de Leon and Acosta, 2006) . If robotic assistance was not effective in facilitating ankle dorsiflexion during swing, the trainers manually moved the hindlimbs. Training was performed for 15-20 min/day, 5 days/week.
Data analyses
Ankle movements during all tests were recorded by the robotic arms at 500 Hz and stored on a computer for subsequent analyses as previously described (Timoszyk et al., 2005; Timoszyk et al., 2002) . Briefly, toe off and paw contact events were detected based on changes in the horizontal and vertical velocities of the robotic arm end points. The execution of both toe off and paw contact was used to count the number of successful steps and drag steps. Successful steps were defined as step cycles in which the hindpaw was lifted during swing (see "s" in Fig. 1A ). Steps cycles with paw dragging, i.e. drag steps, occurred when there was little or no vertical movement in the ankle (see "d" in Fig. 1A ). Movement analyses was performed only on successful step cycles. The step cycle trajectory was divided into forward and backward phases (see black and grey lines respectively in Fig. 1B ) and the points in the trajectory at which the ankle was highest (maximum height) and lowest (minimum height) were identified (see 2 and 4 in Fig. 1B ). The following trajectory characteristics were measured: 1) lift during swing, which was the difference between the height of the ankle at the start of forward movement and the height of the ankle at the maximum height (see 1 to 2 in Fig. 1B) ; 2) ankle lowering during forward movement, which was the difference in the ankle height from the maximum height to the end of forward movement (see 2 to 3 in A repeated measures ANOVA was used to determine if the average number of step cycles on Week 6 was significantly different than average number of steps on Week 14. Significant differences in the number of steps, trajectory characteristics and velocity characteristics between the trained spinally contused rats, untrained spinally contused rats and intact rats were determined using one-way ANOVA. Bonferroni post-hoc tests were used to identify pairs of groups that were significantly different. Differences between groups were considered statistically significant at p values <0.05. Since not all spinally contused rats performed consistent stepping, only rats that performed at least 15 weight bearing steps were included in the analyses of movement trajectory and velocity (n = 8/13 trained rats; n = 9/13 untrained rats). All statistical analyses were performed using SPSS 13.0 for Windows Software.
Results
Trained and untrained spinally contused rats recovered the ability to perform weight bearing stepping on a treadmill
We used a robotic device to test locomotor ability in trained and untrained spinally contused rats following a severe spinal cord contusion. The baseline test was performed 6 weeks after the contusion. We also used the robotic device to collect data from intact rats (n = 9). During all tests, the robotic device supported 85% of the body weight so that the ability to perform partial weight bearing steps was assessed.
The robotic device was used to count the number of successful steps defined as a step in which the hindpaw was lifted during swing (see "s" in Fig. 1A ). The average number of successful steps performed by the trained and untrained rats was not significantly different during baseline tests (see Week 6 in Fig. 2A ). When stepping was re-tested 8 weeks after the baseline tests the average number of successful steps increased in the contused rats from Week 6 to Week 14, but this change was not significant (compare Week 6 and Week 14 in Fig. 2A ). There were no significant differences in the number of successful steps between the contused rats and intact rats during testing at Week 6 or 14 (compare Week 6 and 14 with triangle in Fig. 2A ).
We next examined the number of steps in which the hindpaw dragged during swing (see "d" in Fig. 1A ). These are abnormal steps and indicate an inability to flex the ipsilateral hindlimb during swing and/or extend the contralateral hindlimb during stance. The average number of drag steps was not significantly different between the trained and untrained spinally contused rats during baseline testing (see Week 6, Fig. 2B ). However, the number of drag steps significantly increased in the untrained spinally contused rats from Week 6 to Week 14 (compare diamond Week 6 and Week 14, Fig. 2B ; p<0.05). During testing at Week 14, the untrained spinally contused rats performed significantly more drag steps than the trained spinally contused rats (p<0.01) and normal rats (p<0.01; compare Week 14 diamond with Week 14 square and triangle, Fig. 2B ). The result was that the percentage of drag steps during Week 14 was significantly greater in the untrained rats relative to the trained and normal rats (Fig. 2C; p<0.01) . No other significant differences were found.
Comparison of ankle movements during stepping
We performed an analyses of the movement of the ankle as the rats stepped on the treadmill. Because less than half of the spinally contused rats were capable of consistent stepping during Week 6, we focused our analyses on the data collected during Week 14. We divided the step cycle into two phases based on the forward and backward movements of the ankle (see Fig. 1B ). When we examined movement patterns in this manner, it was apparent that the untrained rats moved their ankles in a different pattern than the trained and intact rats. We will first describe differences during forward movements then describe the differences during backward movements.
Forward movements
In the untrained rats, the ankle was lifted as it moved forward (see black line, Fig. 3A ). On average, the ankle was lifted 11 ± 1.9 mm from the beginning of forward movement to maximum height (see 1-2, Fig. 3A ). After reaching peak height, the ankle moved down only 1.4 ± 0.4 mm lower than maximum height (see 2-3, Fig. 3A) . A different movement pattern was observed in the trained and intact rats. First, the ankles in the trained and intact rats moved forward with little upward movement (see black lines, Figs. 3B and C). The ankle was lifted only 3.2 ± 0.9 mm and 2.4 ± 0.9 mm to maximum height in the trained and intact rats respectively (see 1-2 in Figs. 3B and C) . Second, after reaching maximum height, the ankle in the trained and untrained rats was lowered 4.6 ± 1.5 mm and 6.6 ± 1.2 mm respectively (see 2-3 in Figs. 3B and C) . One-way ANOVA showed significant differences in the amount of lift and the amount of lowering during forward movement between the groups (p < 0.001 for amount of lift and lowering). Post hoc comparisons showed the amount of ankle lift and lowering was significantly different in the untrained rats relative to the trained and intact rats (p < 0.01 for lift and lowering comparisons between untrained vs trained, and untrained vs intact).
Based on velocity measurements, the untrained rats moved their ankles faster during forward movement than the trained and intact rats. For example, the peak horizontal velocity in the untrained rats (268 ± 72 mm s −1 ) was twice as fast as the peak horizontal velocities in the trained and intact rats (111 ± 20 and 122 ± 68 mm s −1 respectively). The difference in peak vertical velocities was even greater. Untrained rats reached a peak vertical velocity (181 ± 43 mm s −1 ) that was six times faster than in trained rats (31 ± 12 mm s −1 ) and nine times faster than in intact rats (20 ± 16 mm s −1 ). Significant group differences in peak horizontal and vertical velocities were found between the groups with one-way ANOVA (p < 0.01 for peak horizontal and vertical velocities). Post hoc comparisons showed peak horizontal and vertical velocities were significantly faster in the untrained rats relative to the trained and intact rats (p < 0.01 for comparisons of vertical velocities between untrained vs trained and untrained vs intact; p < 0.01 for horizontal velocities between untrained and intact; p < 0.05 for horizontal velocities between untrained and trained).
Differences were also apparent in how velocity changed during forward movement. In all groups, the horizontal velocity increased then decreased as the ankle moved forward (Fig.  4A) . However, the untrained rats reached peak horizontal velocity earlier in the step cycle than the trained and intact rats (see circles in Fig. 4A ). Furthermore, whereas vertical velocity in the untrained rats rapidly increased then decreased during the first 10% of the step cycle, little change in vertical velocity occurred in the trained and intact rats (Fig. 4B) . One-way ANOVA showed significant differences in the onset of peak horizontal velocity between the groups (p < 0.01). Post hoc comparisons showed the onset of peak horizontal velocity was significantly earlier in the untrained rats relative to the trained (p < 0.05) and intact rats (p < 0.01).
Changes in the horizontal and vertical velocities in the untrained rats were coupled. As the ankle moved forward, the horizontal and vertical velocities initially increased, reached a peak and afterwards decreased together (Fig. 5A) . A different relationship was found in the trained and intact rats. As horizontal velocity increased, there was little change in vertical velocity (Figs. 5B,C). After peak horizontal velocity was reached, both the horizontal and vertical velocities decreased (Figs. 5B,C) .
In summary, the untrained rats moved their ankles rapidly upward during forward movement giving the appearance of a kicking motion. In contrast, the paws in the trained and intact rats moved forward at a steady vertical position and at a slower speed.
Backward movements
Backward movement in the ankle began while the hindpaw was still in the air. In each group, the ankle was moving downward when backward movement began (see 3 in Fig. 3 ). In the untrained rats, the ankle traveled 12.6 ± 2.0 mm downward to the minimum (see 3 to 4 in Fig. 3 ) whereas the ankle in the trained and intact rats traveled only 6.0 ± 2.1 mm and 5.6 ± 1.9 mm, respectively. One-way ANOVA showed a significant difference in the amount of downward movement between the groups (p < 0.05).
After reaching the minimum, the ankle in the untrained rats moved backward with little vertical movement (see 4-5, Fig. 3A) . In contrast, the ankle in the trained and intact rats rose during most of the backward movement indicating that the ankle joint extended during stance (see 4-5 in Fig. 3B and C) . The ankle traveled upward a significantly greater distance in the trained and intact rats than in the untrained rats. On average, the ankle rose 7.4 ± 1.8 mm and 10.1 ± 1.3 mm in the trained and intact rats respectively versus only 1.4 ± 0.5 mm in the untrained rats. One-way ANOVA showed significant differences in the amount of ankle rise during backward movement between the groups (p < 0.01). Post hoc comparisons showed the amount of upward movement was significantly less in the untrained rats relative to the trained (p < 0.01) and intact rats (p < 0.01).
Interestingly, as the ankle of the untrained rats moved backward, it reached a faster peak horizontal velocity than in the trained and intact rats (untrained, 58 ± 6.6 mm s −1 ; trained, 40 ± 6.6 mm s −1 ; intact, 27 ± 6.6 mm s −1 ). The peak horizontal velocity in the untrained rats occurred later than the peak horizontal velocity in the trained and intact rats (see white squares in Fig. 6 ). One-way ANOVA showed significant differences in peak horizontal velocity and onset of the peak horizontal velocity between the groups (p < 0.01). Post hoc comparisons showed the peak horizontal velocity was significantly different in the untrained rats relative to the intact rats (p < 0.01) and onset of peak horizontal velocity was significantly different in the untrained rats relative to the trained (p < 0.01) and intact rats (p< 0.01). No significant differences in peak vertical velocity were found between the groups.
Discussion
In the present study, we found that spinally contused rats that received daily treadmill training recovered stepping that had similar step cycle trajectory shape and velocity characteristics as stepping in intact rats. Untrained rats did recover the ability to perform stepping on the treadmill. However, they moved their ankles with a different trajectory shape and at a faster speed relative to the trained and intact rats. Hindpaw dragging during swing was also more prevalent in the untrained rats. Together, these findings are consistent with the hypothesis that treadmill training restored normal ankle movements during stepping in rats following a severe contusion spinal cord injury.
Effect of treadmill training on the performance of the swing and stance phases of the step cycle
Previous studies have reported a beneficial effect of treadmill training on the swing phase of stepping in spinal cord injured animals. For example, spinally transected cats that undergo several weeks of treadmill training perform greater lift of the hindpaws during swing than untrained spinal cats (de Leon et al., 1998a; Boyce et al., 2007; de Leon et al., 1999b) . Recordings from flexor hindlimb muscles during stepping indicate that the trained spinally transected cats are better able to recruit flexor motor pools than the untrained spinal cats (de Leon et al., 1998a) . Similarly, treadmill training resulted in an improved ability of spinal cord contused rats to flex the hip thereby reducing the amount of hindpaw dragging during swing (Thota et al., 2001) . In the present study, one effect of treadmill training was to reduce the amount of paw dragging during swing. A second effect was to restore normal ankle trajectory shape during swing. Together, these findings suggest that the effect of treadmill training on swing trajectory depends on the specific movement errors that exist. Spinal cord injured animals learn to make the necessary adjustments through training. This conclusion is consistent with previous studies that showed that when stepping in spinally transected rats is perturbed, the animals learn to correct errors in swing trajectory in order to avoid stumbling and to maintain stepping (Timoszyk et al., 2002; Heng and de Leon, 2007; Edgerton et al., 2001 ).
We also found that training had a significant effect on the stance phase of the step cycle. Training increased the amount of rise in the ankle indicating ankle extension improved. Training has been shown to increase the duration of the stance phase of stepping in spinally transected rats (Cha et al., 2007) and to increase stance length in spinally transected cats (Boyce et al., 2007) . In addition, stand training has been shown to improve the duration of hindlimb standing in spinally transected cats (Pratt et al., 1994; de Leon et al., 1998b) . These findings indicate that hindlimb motor training improves the ability of spinal cord injured animals to maintain weight bearing in the hindlimbs. One previous study reported that weight bearing (estimated by measuring the height of the hip relative to the ground during stance) in rats that received a dorsal lesion of the spinal cord was not improved by 5weeks of treadmill training (Fouad et al., 2000) . However, there is evidence that treadmill training improved weight bearing during open field locomotion in rats that received a partial compression injury of the spinal cord (Multon et al., 2003) . Different injury models may account for the apparent disparity in these results. Further studies that combine detailed kinematic analyses of the limb movements and recordings of muscular activity will be necessary to more closely examine the effect of treadmill training on weight bearing in the incomplete injured animal.
A unique movement parameter that one is able to measure with the robotic device is the velocity of the ankle during stepping. These data proved to be valuable for finding several key differences between the groups. For example, the untrained rats moved their ankles significantly faster during forward swing than the trained and intact rats. The values for peak velocity that we found in the untrained rats were similar to what has been reported in a previous study that also used a robotic device to assess treadmill stepping in untrained contused rats (Nessler et al., 2006) . Given the speed and the trajectory that the ankle traveled, one possibility is that forward swing in the untrained rats was influenced by hindlimb reflexes. Mechanical stimuli applied to the paw in spinal animals triggers flexion reflexes that enhance the swing phase of stepping (Forssberg et al., 1977) . Similar flexion reflexes could have been stimulated by contact with the treadmill and/or the interface of the ankle with the robotic device. With training, the rats learn to adapt their movement patterns to these various stimuli and consequently, normal stepping velocities and trajectories were restored. An unexpected finding was that the peak horizontal velocity during stance was faster in the untrained rats. No differences between the groups were expected for horizontal velocity during stance since treadmill speed was constant. This finding, however, is not unique and a similar result was reported in a previous study that used a robotic device to assess stepping spinally transected rats (Timoszyk et al., 2002) . Ankle flexion movements during stance likely accounted for these velocity changes, however, detailed kinematic analyses of the hindlimb are necessary.
Factors influencing the effects of training on functional recovery after spinal cord injury
One of the interesting findings in the present study was that treadmill training failed to increase the amount of successful, partial weight bearing steps (see Fig. 2A ). Factors that could have accounted for the lack of effect on successful steps are the onset of training following injury and injury severity. There is evidence that beginning motor training immediately after spinal cord injury (i.e. 3-4 days) is more beneficial than if training is delayed (Norrie et al., 2005) . Treadmill training began 1 month after the contusion injuries in the present study and it is possible that this long delay could have reduced the effectiveness of training on stepping recovery. Another possibility is that the effects of treadmill training following a severe spinal cord contusion injury may be limited. Locomotor performance is improved by treadmill training in rats with a moderate spinal cord contusion injury, but whether training increased the number of step cycles executed by the rats is unknown.
One could also argue that training consisting of bipedal hindlimb stepping is not a natural form of locomotion for rats. Other activities may provide longer periods of stepping under more natural conditions. Increasing spontaneous exercise via an enriched environment or wheel running has been shown to produce gains in locomotor function in spinal cord inured rats (Lankhorst et al., 2001; Van Meeteren et al., 2003) and spinal cord injured mice (Engesser-Cesar et al., 2005) . Other studies have shown that swimming exercise improved hindlimb function in spinally contused rats (Hutchinson et al., 2004; Smith et al., 2006) . Whether these forms of exercise are more effective than treadmill training in improving locomotor deficits, however, remains to be determined.
Mechanism of training
Based on the present findings, it is impossible to determine how treadmill training improved stepping in the spinally contused rats. Recent findings suggest that treadmill training may improve muscle function (Stevens et al., 2006) and sensory function (Hutchinson et al., 2004) in the hindlimbs of spinally contused rats. There is also a growing amount of evidence from studies of spinally transected animals that neurons within the lumbar spinal cord are modified by treadmill training (Tillakaratne et al., 2002; Petruska et al., 2007; Cote and Gossard, 2004; Cote et al., 2003) . It is possible that treadmill training has a similar effect on the lumbar spinal circuitry following an incomplete spinal cord injury. In support of this hypothesis, Ying et al. (2005) recently showed that wheel running exercise enhances BDNF levels and synaptic plasticity in the lumbar spinal cord of rats following a spinal cord hemisection injury. Treadmill training may also improve locomotor function by inducing plasticity in the brain and in the pathways that connect the brain with the lumbar spinal circuitry. For example, the findings from recent studies performed in humans with spinal cord injuries suggest that treadmill training may enhance activity in the corticospinal tract and (Norton and Gorassini, 2006; Winchester et al., 2005; Thomas and Gorassini, 2005) and in the sensorimotor cortex and cerebellum (Winchester et al., 2005) . Together, these findings indicate that treadmill training influences plasticity in multiple areas of the neuromuscular system.
Other possibilities are that treadmill training increased sprouting and/or increased the amount of spared white matter thereby improving functional recovery. Locomotor recovery is known to be correlated with the amount of spared white matter following contusion injury in rats (Basso et al., 1996) . However, previous studies of activity-based therapies in incomplete injured rats have failed to find any beneficial effect of exercise on white matter sparing (Multon et al., 2003; Fouad et al., 2000; Lankhorst et al., 2001) . There is recent evidence that collateral sprouting was significantly enhanced by treadmill training in spinally hemisected mice (Goldshmit et al., 2008) . We did not perform a histological or anatomical examination of the spinal cord injury site and thus, we do not know if there were any differences in sprouting or in spared white matter between the trained and untrained rats. The lack of histological data in the present study means that we also cannot rule out the possibility that the trained rats performed better than the untrained rats because the trained rats were less injured. However, it is noteworthy to point out that treadmill stepping performance was not significantly different between the two groups during baseline testing (see Week 6, Fig. 2 ) which indicates the two groups were similar at least in terms of locomotor recovery.
Implications
Weight supported treadmill training has been successfully used to improve walking function in humans with incomplete spinal cord injury (Wirz et al., 2005; Hicks et al., 2005; Behrman et al., 2005 ). An important, new technological development in body weight supported treadmill training has been the use of robotic devices (Wirz et al., 2005; Hornby et al., 2005) . Recent studies have begun to test the effectiveness of different robotic assistance algorithms in animal models of complete spinal cord injuries (Cai et al., 2006; de Leon and Acosta, 2006) . The present findings indicate that recovery in spinally contused rats is also responsive to robotic-assisted training. Thus, it appears feasible to develop and test robotic assistance algorithms in the spinally contused rats to begin to understand how robotic assistance can be used to enhance body weight supported treadmill training following incomplete spinal cord injury. Examples of stepping movements recorded by the robotic device in an untrained rat 14 weeks after a spinal contusion. (A) The horizontal (thin lines) and vertical (thick lines) displacement of the ankle is shown. The "s" indicate successful partial weight bearing steps with lift of the hindpaw whereas the "d" indicates steps with paw dragging. (B) The trajectory of the ankle during a single step cycle from one spinally contused rat. For movement analyses, the step cycle was divided into forward movement (black line with black squares) and backward movement (grey line with grey squares). Arrows indicate the direction of movement. At 1, forward movement begins. 2 denotes the point in the trajectory that the ankle reached maximum height. At 3, forward movement ends and backward movement begins. 4 denotes the point in the trajectory that the ankle reached minimum height. At 5, backward movement ends. Number of steps executed by trained, untrained spinally contused rats and intact rats. The mean number of successful steps (A) and drag steps (B) performed by trained (black squares) and untrained (white diamonds) rats 6 weeks and 14 weeks after spinal contusion are shown. Data from intact animals (black triangle) are also shown. Successful steps are defined as steps in which the paw was lifted during swing (see "s" in Fig. 1A ). Drag steps are steps in which the paw dragged during swing (see "d" in Fig. 1A) . In (C), the percentage of drag steps relative to the total number of stepping movements is shown. All of the data in Fig. 2 are partial weight bearing steps with 85% of the body weight supported by the robotic device. The average ± standard error is shown (n = 13 trained rats; n = 13 untrained rat; n = Average step cycle trajectories in (A) untrained and (B) trained spinally contused rats and (C) intact rats. Forward and backward movements are indicated by the black and white lines respectively. Arrows and the numbers (1-5) indicate the direction and progression of movement (see Fig. 1 for details) . The trajectories shown are group averages. Grey areas around the mean trajectory indicate standard error. Only the trajectories from rats that performed at least 15 steps were included in these averages (n = 9 untrained; n = 8 trained; n = 9 intact). The data from the contused rats are from tests performed 14 weeks after the contusion. Changes in the velocity during forward movement in untrained (thin black line), trained (thick grey line) and intact (thick black line) rats. Horizontal velocity is shown in (A) and vertical velocity is shown in (B). The changes in velocity are shown relative to the step cycle (the start of forward movement marks the beginning of the step cycle, 0%). Circles and vertical lines indicate the onset of the peak velocity during the step cycle. The data shown are group averages. Only the trajectories from rats that performed at least 15 steps were included in these averages (n = 9 untrained; n = 8 trained; n = 9 intact). The data from the contused rats are from tests performed 14 weeks after the contusion. * † indicates that the Plot of horizontal versus vertical velocity of the ankle during forward movement in (A) untrained, (B) trained and (C) intact rats. Arrows indicate the direction of movement. The velocity data shown are group averages. Only the trajectories from rats that performed at least 15 steps were included in these averages (n = 9 untrained; n = 8 trained; n = 9 intact). The data from the contused rats are from tests performed 14 weeks after the contusion. Changes in the velocity during backward movement in (A) untrained, (B) trained and (C) intact rats. Horizontal velocity (grey line) and vertical velocity is shown (black line). The changes in velocity are shown relative to the step cycle (backward movements began after 10% of the step cycle had been completed). The white squares indicate the mean onset of the peak horizontal velocity during the step cycle. The bars around the white squares indicate the standard error of the mean onset. The data shown are group averages. Only the trajectories from rats that performed at least 15 steps were included in these averages (n = 9 untrained; n = 8 trained; n = 9 intact). The data from the contused rats are from tests performed 14 weeks after the contusion. * † indicates that the onset of the peak velocity is significantly earlier than the onset of the peak velocity in the trained and normal rats respectively (p ≤ 0.01).
